The f understanding of hydrothermal processes during production in a geothermal system is critical for optimal reservoir management and sustainable utilization. This study addresses the hydrothermal (HT) processes in a geothermal research doublet, consisting of the injection well E GrSk3/90 and production well Gt GrSk4/05 at the deep geothermal reservoir of Gross Schoenebeck The most significant changes affect temperature, mass concentration and pore pressure. These changes influence the fluid density, viscosity and rock properties such as porosity, permeability, heat conductivity and heat capacity. In addition, the geometry and hydraulic properties of hydraulically induced fractures vary during the lifetime of the reservoir. A 3D reservoir model was developed based on a structural geological model to simulate and understand the complex interaction of such processes. This model includes a full HT coupling of various petrophysical parameters. Specifically, temperature dependent heat conductivity and heat capacity are considered as well as the pressure, temperature and mass concentration dependent fluid density and viscosity. These parameters were determined by laboratory and field experiments. The results of a 3D thermohaline FEsimulation of the life-cycle performance of this geothermal well doublet indicate the beginning of thermal breakthrough after 3.6 years of utilization. This result is crucial for optimizing reservoir management.
Introduction
The technical feasibility of geothermal power production from a deep low-enthalpy reservoir will be demonstrated by means of a borehole doublet system consisting of the production well Gt GrSk4/05 and the injection well E GrSk3/90 at the geothermal research site Gross Schoenebeck (40 km north of Berlin, Germany).
The intended injection well was tested to investigate scenarios of enhancing productivity of thermal fluid recovery from roughly -4100 m deep sandstones and volcanics. , Reinicke et al. (2005) , Zimmermann et al. (2005) ). The doublet system was completed with drilling of the production well to a total depth of -4198 m in 2007, which was followed by three stimulation treatments.
Hydraulic stimulation is a method of increasing the productivity of a reservoir by inducing artificial fractures through fluid injection. In order to increase the apparent thickness of the reservoir horizon, the production well was inclined in the reservoir section by 48 • and was drilled in the direction of the minimum horizontal stress (S h = 288 • azimuth) for optimum hydraulic fracture alignment in relation to the stimulated pre-existing injection well. Hence, the fractures trend 18 • NNE along the maximum horizontal stress . An appropriate numerical model becomes increasingly important for planning the well path and fracture design, interpreting hydraulic tests and stimulations, and predicting of reservoir behaviour during the time of geothermal power production. This model should include: (i) the reservoir geology and structure, (ii) the geometry of wells and fractures, (iii) the hydraulic, thermal, mechanical and chemical (HTMC) conditions of the reservoir and fractures generated due to changes of the reservoir conditions.
Various simulation software exists that can handle a part of the required parameters, e.g. Eclipse (SCHLUMBERGER, 2008) , Geosys (Korsawe et al. (2003) , Wang and Kolditz (2005) ) and Feflow (Diersch, 2005) . For this study, we utilise Feflow, because this software fully supports hydraulicthermal coupling. However, Feflow cannot be used to simulate mechanical and chemical reservoir behaviour, or to represent dipping structures (e.g., natural fault zones).
In the present study, we describe how to set-up a thermohaline model for enhanced geothermal systems (EGS). We also discuss the following: (i) the use of numerical simulations in interpreting the life-cycle performance of the geothermal research doublet at the drill site Gross Schoenebeck and (ii) the applicability of the Feflow software for geothermal issues, in particular EGS sites. Life-cycle performance is defined here as the reservoir response depending on the scheduled 30 years of production and injection.
Reservoir Characterization

Geology
The reservoir is located within the Lower Permian of the North East German Basin (NEGB) between -3815 m and -4247 m below sea level. The reservoir rocks are classified into two rock units from bottom to top: volcanic rocks (Lower Rotliegend of the Lower Permian) and siliciclastics (Upper Rotliegend of the Lower Permian) ranging from conglomerates to fine grained sandstones, siltstones and mudstones.
These two main units can be subdivided depending on their lithological properties ( Figure 1 , Table   1 ), which is particularly important for the hydraulic-thermal-mechanical (HTM) modelling.
Due to high hydraulic conductivity and porosity, the Elbe base sandstone I and II are the most promising horizons for geothermal power production in the hydrothermal environment like the NEGB.
These siliciclastic rocks can generally be characterized as arkosic litharenite and consist mainly of quartz (80 vol%). The quartz grains are often surrounded by iron (III) oxide-rims; calcareous and albitic cements are rarely found. The feldspar content is less than 10 vol%. K-feldspar, sometimes partly albitised, is the dominant feldspar. Rock fragments are less than 10 vol% and are mainly of volcanic origin. Accessory minerals are plagioclase, microcline and mica. Illite and chlorite are the dominant clays ).
Fault Zones and Natural Fractures
The fault pattern interpreted from 2D seismic data is characterized by major NW-striking faults and NNE-striking minor faults. In the current stress field, the NE-striking faults bear the highest ratio of shear to normal stresses, exhibiting a critically stressed state in the sandstones and a highly stressed state in the volcanic layer. Since critically stressed faults are described as hydraulically transmissive (Barton et al., 1995 (Barton et al., , 1996 , these NNE-striking faults are expected to be the main fluid pathways in the reservoir (Moeck et al., 2008a) . The bottom of the production well, drilled in 2006, is in the direct vicinity of a NE-striking, and W-dipping minor fault (Figure 1 ).
The natural fractures in the reservoir are parallel to NW-striking strike-slip faults and NE-to Nstriking normal faults . Among these structures, the N-to NE-striking fractures are expected to serve as principal flow paths due to their high slip and high dilational tendency in the current stress field (Moeck et al., 2009 ).
Hydraulically Induced Fractures
Four induced hydraulic fractures exist in the well doublet (Table 2) . At the production well, a waterfrac treatment was applied in the low permeable volcanic rocks with high amounts of water to create long fractures with low aperture. Two gel-proppant treatments were used to stimulate the sandstone sections with cross-linked gels in conjunction with proppants of a certain mesh size. These treatments can be applied in a wide range of formations with varying permeability and a good control of stimulation parameters. At the injection well, two gel-proppant-fracs and two waterfracs were performed and are henceforth referred to as "multifrac" (Zimmermann et al., 2010a) .
The dimension (height, half length and aperture (see Table 2 )) of all four induced fractures were computed with the 3D fracture simulator FRACPRO (Cleary, 1994) and were verified by field experiments Zimmermann et al., 2010a) . FRACPRO software allows the integration of geological background information and takes wellhead pressures, friction and near wellbore tortuosity into account. The multifrac at the injection well ranges vertically from the Elbe base sandstone II to the Havel formation. The 1st gel-proppant frac at the production well ranges from the Elbe base sandstone II to the Elbe base sandstone I. The 2nd gel-proppant frac ranges from the Elbe alternating sequence to the Elbe base sandstone II, and the waterfrac ranges from the Havel formation to the volcanic rocks (Figure 1 ). The horizontal distances of the 2nd gel-proppant frac, 1st gel-proppant frac and waterfrac at the production well to the multifrac at the injection well are 308 m, 352 m and 448 m, respectively. In addition to the computed dimensions, microseismicity was monitored by a three-axis geophone installed in the injection well at -3735 m during the waterfrac treatment in the production well. The orientation of the seismic events is similar to the maximum horizontal stress direction S H = 18.5 • ± 3.7 • (Kwiatek et al., 2008 ). This implies, that induced waterfrac is mainly tensile with the aperture direction along the minimum principal stress and strike direction along the maximum principal stress.
The hydraulic properties of the fractures were computed with FRACPRO, and the transmissibility T R f r of the multifrac at the injection well was verified by a long term injection experiment in 2004 . By means of this experiment a fracture transmissibility of approximately 1 Dm ≈ 9.87E-13 m 3 was determined. This transmissibility value was applied to the other fractures based on the FRACPRO simulations. The fracture transmissibility strongly depends on pore pressure (see Section 4.2) and is related to fracture permeability k f r and aperture a.
Under the assumption of laminar flow between parallel plates, the fracture permeability is related to fracture aperture k f r = a 2 12 and a hydraulic aperture of 0.228 mm was determined by:
Based on the hydraulic aperture the corresponding fracture permeability can be calculated. The hydraulic fracture conductivity K f r defined in the simulation (Table 2) 
Due to different temperatures, a dynamic viscosity of 0.3 mPa*s for the production well and 0.72 mPa*s for the injection well were used.
Wells
The arrangement of the two wells fulfills two important conditions. First, the wells are located in such a way that the pressure in the reservoir does not drop significantly below the initial formation pressure during production. Second, a temperature drop in the production well should be avoided.
The two wells have a distance of 28 m at the surface. Due to the fact that both wells are starting from the same drill site and the injection well is vertically orientated, the production well had to be deviated to ensure a distance of 500 m between both wells within the reservoir. At the top of the reservoir (-3815 m), the inclination is 18 • and increases progressively to 48 • at -4236 m. Therefore, the distance between the two wells increases from 241 to 470 m from top to bottom of the reservoir (Figure 1 ). Moeck et al. (2008b) and Moeck et al. (2009) Schoenebeck. This stress direction correlates to the world stress map (Zoback, 1992) and was supported by further analysis of borehole breakouts in the NEGB (Roth and Fleckenstein, 2001 ).
Mechanical Properties
The pore pressure of the reservoir is p p = 43.8 MPa, determined by p,T-logs at stationary conditions of the geothermal target horizon . According to the stress relation of normal faulting (S V = S 1 ), the effective vertical stress S V ef f = S 1 − p p = 56.2 MPa and the effective mean
Besides the stress condition, the elastic moduli for homogeneous isotropic materials were determined by ultra sonic and density logs. The Youngs Modulus (E) for the sandstone and for the volcanic rocks is 55 GPa, and the Poisson's ratio (ν) is 0.18 and 0.2, respectively (Zimmermann et al., 2010a ).
Hydraulic Properties
During geothermal power production using a borehole doublet consisting of a production and injection well, the reservoir conditions will change. Besides a temperature decrease at the injection well resulting in a thermoelastic response, the pore pressure will also vary. The initial pore pressure of the reservoir is p p = 43.8 MPa. Assuming a productivity index PI = 13-15 m 3 /(h*MPa) determined from well testing (Zimmermann et al. (2010a) , Zimmermann et al. (2010b) ) and a target injection/production rate of 75 m 3 /h, a pore pressure change of p p = 43.8 MPa ± 5 MPa can be calculated. This leads to a poroelastic response of the reservoir rocks depending on effective pressure p ef f (the difference between confining pressure p c and pore pressure p p ). Consequently, the poroelastic respones will result in a change in permeability k (Al-Wardy and Zimmerman, 2003) and porosity ϕ (Carroll and Katsube, 1983; Zimmerman, 1991 To show the influence of the poroelastic response of Rotliegend sandstone, we investigated the porosity and permeability dependence on effective pressure by laboratory experiments (Blöcher et al., 2009 ). During the laboratory experiments, the porosity decreases by 6.2% as p ef f increases from 5 to 37 MPa, and the permeability decreases by 21.3% as p ef f increases from 3 to 30 MPa. The most significant changes occur at low effective pressures up to 20 MPa (Figure 2 ). At effective pressures above 20 MPa, the porosity changes by less than 0.8%, and the permeability changes by less than 2.3%
as p ef f changes by 5 MPa. Therefore the porosity and permeability dependence on effective pressure can be excluded from the numerical investigation.
The initial hydraulic condition of the injection well was tested with a production test Table 3 ).
In addition, neutron porosity measurements from Reservoir Saturation Tool logs (RST) were used to estimate permeability by applying the empirical formula by Pape et al. (2000) based on a fractal approach. This results in minimum permeability of 3.9E-17 m 2 for volcanic rocks and maximum permeability of 1.1E-13 m 2 for Elbe base sandstone. This calculation was repeated with porosity data from density and sonic measurements and led to transmissibilities in the range from 2.5E-13 to 6.9E-13 m 3 for the 107 m thick sandstone layer (-4004 to -4111 m) . By means of the determined transmissibility and thickness of the sandstone layers, permeability ranging from 2.3E-15 m 2 to 6.5E-15 m 2 was calculated (Table 3) . These porosity ϕ and permeability k data were verified by abundant porosity (290 samples) and permeability measurements (109) on cores (Trautwein and Huenges, 2005) , and the derived physical parameters which were assigned to the stratigraphic layers are listed in Table   3 . Further, a ratio between vertical and horizontal permeability of kz kxy = 0.25 was determined by the core measurements and was assigned to the reservoir model. 
The dynamic viscosity of the fluid is commonly regarded as a function of mass concentration C of one or more species (here the value of total dissolved solids (TDS) was used) and temperature T (Diersch, 2002) :
with mass fraction and relative temperature coefficient
The following equation of state (EOS) shows that the fluid density is also related to temperature T , pressure p and concentration C.
with thermal expansion coefficient β = β(T, p), compressibility γ = γ(T, p) and density ratio α = α(T, p, C), all related to temperature, pressure and concentration . Therefore, the flow and transport equations for thermohaline convection are non-linear and strongly coupled since temperature, pressure and salinity control the fluid density. Therefore, we performed density and viscosity measurements of calcium-and sodium chloride brine at various state points (C = 0 to 292 g/l; T = 20 to 80 • C) and compared the results to the calculations.
Due to the fact that the density relation takes only the TDS (Total Dissolved Solids) into account, the calculated data match the measurements very well. Therefore, we calculated the viscosity and density dependence on pressure, temperature and concentration as shown in Figure 3 .
Thermal Properties
According to the continental geothermal gradient at this site, the lowest temperature of the reservoir can be found in the Hannover formation at 137.5 • C and increases continuously to 150 • C into the volcanic rocks (Henninges et al., 2005) . Further parameters are the heat conductivity λ and the volumetric heat capacity (V HC). For both parameters separate values for fluid (f) and solid (s) phases are required and the bulk (b) property can be calculated by volume fraction-weighted sum as follows:
Due to the low porosity of the reservoir rocks, the properties of the solid fraction are similar to the bulk properties.
The thermal properties of the North East German Basin (NEGB) are well investigated: Lotz (2004) and Scheck (1997) give values for the heat conductivity, Magri (2005) for the heat capacity and Norden et al. (2008) for the surface heat flow. The results of the latter investigations are summarized in Table 3 .
Values of the heat conductivity were determined by laboratory experiments at 20 • C and were corrected by its temperature dependence. Somerton (1992) has developed the following correlation equation based on experimental data for the prediction of the effects of temperature on heat conductivity on fully saturated sandstones:
where λ 20 denotes the heat conductivity measured at 20 • C by laboratory experiments. Using equation 9, we calculated the heat conductivity of the solid at any point of the reservoir with a defined temperature. 
Chemical Properties of the Formation Fluid
The composition of the formation fluid at the injection well was initially measured before the first stimulation treatment by downhole sampling in January 2001. The samples were taken from the zone of main influx located at the transition of the volcanics to conglomerates and exhibit a TDS (Total Dissolved Solids) of approximately 265 g/l. A pH-value of 5.7 was determined. As shown in Table   4 , calcium and sodium are the main cations (with a dominant share of calcium), and chloride is the main anion. Therefore, the formation fluid is classified as Ca-Na-Cl type, which is a typical Rotliegend fluid (Wolfgramm et al., 2003) . The analyzed mass fraction (wt%) of calcium, sodium and chloride corresponds to approximately 150 g/l calcium chloride and 100 g/l sodium chloride. The influence of the TDS on density and viscosity was taken into account for the present study.
3 Numerical Approach
Governing Equations
Feflow fully implements the governing equation of thermohaline convection in a saturated porous media (Diersch, 2002) . These equations are derived from the conservation principles for linear momentum, mass and energy (e.g. Bear and Bachmat (1990) , Kolditz et al. (1998) ), and the resulting system is given by the following set of differential equations:
where S s , q f i and Q ρ denote specific storage coefficient, Darcy velocity vector and source/sink function of the fluid, respectively.
The Darcy velocity vector can be expressed in terms of hydraulic conductivity tensor K ij , fluid viscosity relation function f µ and fluid density ρ f :
Without adsorption of the solute at the solid surface, the source/sink of the contaminant mass Q C can be calculated as sum of mass storage, convection, and diffusion (Fickian law):
where C is the mass concentration, D the hydrodynamic dispersion and ϕ the porosity.
The heat supply Q T is the sum of heat storage, convection and conduction (Fourier's law) and is determined by means of heat capacity c of the fluid and solid and the thermodispersion tensor λ ij (conductive and dispersive part) at certain temperature T :
Spatial Discretisation
The horizontal extension of the model is defined by the dimension of the maximum hydrothermalmechanical influence of stimulation treatments, reservoir utilization by production/injection during power production and geological boundary conditions. Structural geological data are integrated into the model through two northwest-striking faults along the northeast and southwest borders of the reservoir. These faults are no-flow boundaries q n h (x i , t) = 0 m/s due to a frictional blockade in the current stress field (Moeck et al., 2008b) . We defined a model area of 5448 m in an east-west direction and of 4809 m in a north-south direction around the research wells. The vertical extension of a maximum of 594 m is given by geological boundaries, i.e. the Zechstein salt at the top and underlying carboniferous at the bottom. Both rock units are hydraulically non conductive and do not belong to the reservoir rocks.
In order to avoid the accumulation of excessive numbers of elements for such an area, we refined the model in the areas of hydraulically induced fractures and the near well bore region. Consequently, each layer was filled with 18133 6-nodal triangular prisms. Due to the refinement, the edge length of the prism front surface varies between 2.5 m and 400 m in the xy-direction. To keep the ratio between xy and z length close to 1, we performed vertical refinement by subdividing each geological layer into 2 to 10 sub-layers (Table 1) 4 Application -Simulation of Gross Schoenebeck Site
Time Discretisation
Stationary State
In preparation of the dynamic reservoir simulation, the initial reservoir conditions have to be determined. These are the initial hydraulic heads, the initial temperature field and the total dissolved solids. For this purpose, we modeled the steady state condition of the natural reservoir without any injection and production and set the initial hydraulic head to h(x i , t 0 ) = -185 m for the total domain.
The initial temperature T (x i , t 0 ) was set to 137.5 • C for the total domain, representing the tempera-ture at the top of the reservoir. For the top layer we applied a constant state temperature of T (x i , t) = 137.5 • C for the total time of simulation. Furthermore, a terrestrial heat flow of q n T (x i , t) = 72 mW/m 2 was applied to the bottom surface. For the mass concentration we used 265 g/l as a starting value, and no further boundary conditions were set.
As mentioned above, we change the heat conductivity depending on reservoir temperature and the fluid density depending on temperature, pressure and concentration. Due to the fact that these adjustments are dynamic, we needed to calculate the steady state conditions with a transient model as well. The initial time step length of the transient model is 1e-08 days, and the final time was set to 100000 years. After approximately 40000 years quasi stationary conditions were archived. The resulting temperature profile is shown in Figure 5 and is consistent with measured data. Only for the volcanic rocks is the calculated temperature gradient lower than the measured one, possibly an artifact of using a slightly too high heat conductivity. In contrast, the modeled static water level h = -191 m at the injection well matches the measured one h = -182.8 to -196.3 m very well (Huenges and Hurter, 2002) .
Transient State
We adjusted the transient model by applying the calculated values for initial hydraulic head, temperature and concentration from the results of the stationary model. In addition, we removed the Dirichlet boundary condition at the top layer, which was a constant temperature of T (x i , t) = 137.5 • C, and added a constant temperature of T (x i , t) = 70 • C along the injection well. This boundary condition represents the temperature of the injected fluid during the total time of the simulation. The final simulation time was set to 30 years according to the expected life-cycle of geothermal utilization.
Further, we applied a constant injection rate of Q(x i , t) = 75 m 3 /h at the top of the Elbe base sandstone II unit, which corresponds with the top of the multifrac. A constant production rate of Q(x i , t) = -75 m 3 /h was set at the intersection between the production well and the 2nd gel-proppant frac, which is at the top of the Elbe base sandstone II. We set the mass concentration to C(x i , t) = 265 g/l at the injection point, because the extracted fluid is scheduled to be reinjected after passing a heat exchanger.
The simulation results of the total domain show that the temperature perturbation due to injection does not reach the boundaries of the model. In contrast, pressure perturbations at the northeast and southwest borders of the model could be observed. At the northeast border a pressure build up of 28 m due to injection was simulated. At the farther southwest border a draw down of 4 m due to production was observed. According to the no-flow boundaries at these borders, we can simulate a water table change without flow across the borders. For the two remaining borders in the northwest and southeast no pressure perturbation was determined.
After starting reinjection of the saline water with a temperature of T = 70 • C, the cold water front starts propagating around the injection well. Figure 6 shows different propagation states of the 130 • C isosurface during the 30 years (10950 days) of operation time. Figure 8 shows the final state of the hydraulic head, temperature and velocity field after 30 years of production.
Highest fluid velocities can be observed within the induced fractures ( Figure 8c ) and can result in a pressure equalization. Due to the finite fracture conductivity, significant pressure gradients develop along the fractures (Figure 8a ), and their effective length is reduced. The fact that the flow-lines in Figure 7 intersect the multifrac at low angles away from the injection well indicates a combination of linear and radial flow. This results in a non-radial pressure field around the injection well. In contrast, the presence of the multifrac does not have a strong effect on the temperature field, and the temperature drawdown contours around the injection well have predominantly radial symmetry ( Figure 6 , 8b).
Due to its high permeability, the Elbe base sandstone is the preferred rock for matrix infiltration.
After passing the rock matrix, the injected fluid reaches the 2nd gel-proppant frac (308 m away from the injection well). Due to the high hydraulic conductivity of the induced fracture, the fluid is directly channeled to the production well before the cold water front interferes with the production well. After approximately 3.6 years, the cold water front reaches the 2nd gel-proppant frac, and after roughly 5 years, the 1st gel-proppant frac (352 m away the injection well). At the waterfrac (448 m away the injection well) the cooling starts after approximately 10 years. In contrast, the injected cold water will arrive somewhat earlier having heated up along the journey. Figure 7 shows the flow field and the traveling time of the injected water. After approximately 2.5 years, the first injected water reaches the 2nd gel-proppant frac. At this point no significant change in production temperature was observed.
Besides the simulated results of the total domain, we performed a detailed observation of four single points during the time of simulation. The first observation point (OP1) is located at the top of the multifrac in the injection well, and the other three (OP2-4) are at the intersections of the production well and the related induced fracture (Figure 6 and 7) . The three hydraulic fractures in the production well are fully connected by the production well, provoking cumulative values of hydraulic head, temperature and concentration at OP2-4. Observation point 4 represents only the properties of the fluid in the production well at the conglomerates, observation point 3 measures the additional influx of the two Elbe base sandstone units, and observation point 2 gives values for the cumulative flux from the volcanic rocks up to the Elbe alternating sequence.
The chronological behaviour of the four observation points with respect to hydraulic head and temperature are shown in Figure 9 . It shows that the hydraulic head build up at the injection well is equivalent to the draw down at the production well, but the absolute value of draw down (388 m) is lower than the value for build up (448 m). By means of the measured productivity index PI = 15 m 3 /(h*MPa) and an injection/production rate of 75 m 3 /h, a head level change of 5 MPa can be calculated. According to the density of the fluid, which is 1100 kg/m 3 and 1145 kg/m 3 at the production and injection well, respectively, water level changes of -463 m in the production and +445 m in the injection well are calculated. The lower simulated values for draw down results from a full connection between well, fracture and reservoir matrix without any skin effects. Therefore, the productivity index inside the Feflow model represents a potential value and is higher than the initial one. We recalculated the productivity index and determined a PI of 17.9 m 3 /(h*MPa) for the production and a PI of 14.9 m 3 /(h*MPa) for the injection well well.
In Figure 9 , the time history of temperature at the observation points is shown. We excluded observation point four, because the temperature of the injection well is constant at T = 70 • C. At the beginning of the simulation, observation points 2 to 4 show different temperatures according to the geothermal gradient calculated by the stationary model. After starting the production, hotter water from the volcanic rocks (OP4) passes observation points 3 and 2. Therefore, an initial increase of temperature at the two gel-proppant fractures is observed. Consequently, an increase in production temperature (OP2) from 144.7 • C to 146.3 • C can be achieved during the first 10 days of production.
Starting from this point, the production temperature remains nearly constant until the cold water front reaches the 2nd gel-proppant frac after 3.6 years. Then, a significant drop of production temperature to 125.8 • C at the final simulation time follows. At this discrete point, the temperatures at the 1st gel-proppant frac and in the volcanic rocks are still 133.8 • C and 145.6 • C, respectively.
It is a well known fact that the hydraulic conductivity of the induced fractures strongly depends on the pore pressure. Although this relation is not implemented in FeFlow, we at least reduced and increased the dimensionless fracture conductivity FCD (Economides and Nolte, 2000) of the induced fractures by an order of magnitude. This mimics to some degree the effects of fracture closure and opening. The dimensionless fracture conductivity FCD is defined as:
where k f r , a, l f r and k denote fracture permeability, aperture, half length and matrix permeability, respectively. Fracture half length and matrix permeability were kept constant during these simulations.
The results, including the fractional influx of the induced fractures, are summarized in Table 5 .
The chronological behaviour of the production and injection well with respect to hydraulic head and temperature are shown in Figure 10 .
In general, for low fracture conductivity (FCD/FCD0 = 0.1), the pressure response of the reservoir is more pronounced. This results in a decrease of the productivity index from 17.7 m 3 /(h*MPa) to 5.9 m 3 /(h*MPa). Thus, the waterfrac becomes ineffective, and its fractional influx decreases from 25.1%
to 19.4%. Therefore, an initial temperature increase due to the influx of hot water from the volcanic rocks is less pronounced than in the other scenarios. The reduced influx from the volcanic rocks is compensated by an increased influx from the Elbe base sandstone units (1st gel-proppant frac).
For high fracture conductivity (FCD/FCD0 = 10), the productivity index increases from 17.7 m 3 /(h*MPa) to 25.6 m 3 /(h*MPa) at the production well. In comparison with the reference simulation, the fractional influx of the induced fractures stays roughly the same. Therefore, the chronological behaviour of the production temperature is similar to the reference results.
Discussion
A pressure and temperature anomaly occurs at the bottom of the multifrac (Figure 11 ) at the injection well after 10 days of simulation time. This anomaly is positioned around the injection well in the direction of the induced fractures and is limited to the volcanic rock layer, which is located two spatial layers below the fracture. After 110 days a temperature increase with a maximum value of T = 166 • C and a hydraulic head decrease from -175 m to -230 m was observed at this point. Starting from this point, the anomaly decreases and finally disappears after 3 years of simulation time. The anomaly occurs due to the high thermal and hydraulic gradients in combination with the spatial and time discretisation at this specific location. Therefore, we tested the behaviour of the anomaly by varying spatial and time discretisation. Different discretisation techniques influence the time of appearance of the anomaly, but not its magnitude significantly. As mentioned in the spatial discretisation section, the ratio between the horizontal and vertical dimension should be close to 1. Due to the refinement around the wells, a ratio of 0.16 could be achieved. To increase this ratio, more vertical sub-layers have to be implemented, but this will result in an increase of finite elements (6 times more than the current number). Therefore, we decided to increase the number of elements until the magnitude of the temporary anomaly was less than 10% of the hydraulic head and the absolute temperature value.
The spatial and time discretisation at the production well is similar to that of the injection well. In contrast, no high thermal gradients occur at the production well, and even the hydraulic gradient is lower. Therefore, no anomaly at the production well could be observed. In the present simulation the permeability, porosity and heat capacity were handled as constant values. In the previous section we showed that these properties vary with pressure, temperature and total dissolved solids. According to laboratory experiments, the changes of these parameters are small and can be neglected for the rock matrix. In contrast, the hydraulic conductivity of the induced fractures strongly depends on the pore pressure. This dependence can be implemented in Feflow by changing the fracture properties according to pore pressure change by using the Feflow InterFace Manager (IFM). Pore pressure changes are related to production and injection rates, but an additional change occurs due to changes in the in situ stress field. This mechanical coupling is not part of Feflow, and its influence has to be examined by other simulation software (like Geosys (Wang et al., 2009) SCHLUMBERGER, 2008) ) and verified by field tests.
Using the current FeFlow model, we determined that the first arrival of the cold water front at the production well occurs after 3.6 years. After 30 years of geothermal power production, the temperature of the production fluid is 125.8 • C, which is equivalent to a temperature decrease of approximately 19 • C. Franco and Villani (2009) have shown that this temperature decrease results in a reduction of power provision by 20% to 30%.
Conclusions
The primary objective of this paper is to understand the hydrothermal processes occurring in an enhanced geothermal system (EGS) during geothermal power production. Understanding such a geothermal system is critical for optimal reservoir management and sustainable utilization. Therefore, we simulated the hydrothermal conditions of the geothermal research doublet and the related induced fractures at the deep geothermal reservoir of Gross Schoenebeck.
We have shown that a change of the dimensionless fracture conductivity (FCD) of the induced fractures strongly influences the pressure response of the reservoir. For low FCD, the induced fractures become hydraulically ineffective resulting in a decrease of the productivity index. In contrast, the time and the magnitude of the thermal breakthrough was not as affected by the conductivity of the induced fractures. According to these results, an integration of natural fault zones and their pressure-dependent conductivity is the most important issue for further investigations.
With the present simulation, we captured most of the relevant processes for an EGS by means of a thermohaline simulation and by integration of deviated wells and hydraulically induced fractures.
The current numerical model displays the reservoir behavior during 30 years of geothermal power production and might be crucial for further reservoir management.
In particular, the numerical model integrates the known reservoir geometry, structural geology, hydrothermal conditions and the relevant coupled processes. The simulation delivers an improved understanding of reservoir behaviour and leads to an interpretation of the stimulation treatments and to a prediction of the long term reservoir characteristics during geothermal power production.
Especially, the well path design and the importance of induced fractures can be evaluated. Planning a borehole doublet system is a double edged problem: on one hand, the distance between the wells should be as far as possible to avoid a thermal breakthrough. On the other hand, the wells should be close enough to reduce pressure drawdown in the production well and hence the auxiliary power demand.
For the research doublet system at Gross Schoenebeck, the simulated thermal breakthrough started after 3.6 years production, but the temperature decreases less than 19 • C during the prospective 30 years of geothermal power production. Our results may guide reservoir management in its early stages, and with additional new measurements and parameters from the reservoir, the model can be updated to an improved numerical model of ongoing complex processes at the well doublet. Although the current model has some bottlenecks, it has potentially important implications for utilization of geothermal systems for power production. Exploitation strategies may benefit from focusing on pro- 
